exclusively on atmospheric emissions. Cumulative anthropogenic Hg emissions since 1850 have 23 recently been estimated at 220 Gg. We find that commercial use of Hg released an additional 540 24
Gg to the global environment since 1850 (20% to air, 30% to water, 30% to soil, 20% to 25 landfills). Some of this release has been sequestered in landfills and benthic sediments, but 310 26
Gg actively cycles among geochemical reservoirs and contributes to elevated present-day 27 environmental Hg concentrations. Commercial Hg use peaked in 1970 and has declined sharply 28 since. Using our inventory to force a global biogeochemical model improves model consistency 29 with observed (1) changes in atmospheric deposition recorded in many remote lake sediments 30 and ombrotrophic peat bogs over the industrial era, and (2) declines in atmospheric Hg 31 concentrations since the 1990s.
INTRODUCTION
chains and adversely affects human health on a global scale through fish consumption.
1, 2 Hg has 35 been mined since antiquity and extensively used in many commercial products, 3 leading to its 36 eventual release to the environment upon disposal. Hg cycles rapidly between air, water, and soil 37 reservoirs so that releases to any of these reservoirs can contribute to oceanic Hg levels. 4 
38
Background levels of Hg in the environment have increased ~3 fold since pre-industrial times 5 39 and may be 5 -10 times above natural levels. 4, 6 This has been conventionally attributed to 40 atmospheric emissions from mining and combustion.
7, 8 Here we show that releases of 41 commercial Hg to air, water, and soil have contributed a large, previously unquantified source of 42
Hg to the global environment over the industrial era, with major implications for historical and 43 present-day conditions. 44
Hg is transferred from its stable lithospheric reservoir to surface environmental reservoirs 45 by natural geological processes, fossil fuel combustion, and mining (including for commercial 46 products). It then is exchanged between the atmosphere, surface ocean, and terrestrial 47 ecosystems on time scales of years to decades. 4 The atmospheric lifetime of gaseous elemental 48
Hg is of the order of a year, allowing transport and deposition on a global scale. 9 Hg is 49 eventually transferred to long-lived soil and deep-ocean pools over hundreds of years, and 50 returns to the lithosphere to close the cycle on a timescale of thousands of years. 10 The lasting 51 environmental legacy of Hg released to surface reservoirs mandates a historical perspective for 52 understanding present-day environmental burdens and for evaluating the effectiveness of 53 regulatory actions such as the Minamata Convention.
54
While an estimated 215 Gg of Hg have been emitted directly to the atmosphere since 55
Gg have been mined during the same period for numerous commercial uses.
12 These include 57
Hg-containing products (e.g. batteries) and manufacturing processes that involve Hg (e.g. vinyl 58 chloride monomer production). Commercial Hg enters the environment either during use or 59 following product disposal. Previous studies have estimated present-day environmental releases 60 of Hg from commercial products and processes only for a subset of uses and fate pathways, with 61 a predominant focus on atmospheric emissions. waste is split between disposal in landfills, incineration, and direct disposal to soil, wastewater is 138 partially captured in sewage sludge and the rest is released to water, and 'Other Disposal' is 139 distributed between air, land, and landfills. A third tier of distribution factors is needed to 140 characterize environmental releases for solid waste incineration (emitted to air, or captured in ash 141 and then deposited to soil or in landfills) and sewage sludge (incinerated and emitted to air, 142 applied to soil, or disposed of in landfills). Dental amalgam has unique fate pathways not 143 represented in Figure 2 . Some Hg in teeth is permanently stored during burial 46 or partially 144 released to air, water, and soil upon cremation. (Tables S1 and S2 in use for 20-50 years before disposal. 13-15, 30, 49 For these products we follow the methods ofJasinski et al. 13 and Cain et al. 16 and assume that 10% are discarded after 10 years, 40% after 30 169 years, and the remaining 50% after 50 years. Dental amalgams generally remain in living teeth 170 for 10 to 30 years or more. We estimate excretion and exhalation releases from dental amalgam 171 to air and water during this time and track the remaining Hg that will be released through 172 cremation pathways or permanently stored through burial after 30 to 50 years, depending on 173 average life expectancy 51 
Implications for the Biogeochemical Hg Cycle and Atmospheric Trends 182
We use the fully-coupled global biogeochemical Hg box model from Amos et al. 4 to 183 track the fate of commercial Hg after it has been released to the environment. The model 184 includes seven reservoirs that represent the atmosphere, ocean (surface, subsurface, and deep), 185 and terrestrial pools (fast, slow, and armored). Fluxes between reservoirs are determined by first-186 order rate coefficients applied to the inventory of the exporting reservoir. Atmospheric rate 187 coefficients are from Holmes et al. 54 and oceanic rate coefficients are from Soerensen et al. 55 and 188
Sunderland and Mason
56 (for a full list, see Table S3 ). Riverine rate coefficients have been 189 updated following Amos et al. 57 to include the settling of particle-bound Hg to benthic estuarineand shelf sediments. This effectively adds a permanent sink from the terrestrial pools. Primaryanthropogenic and geogenic emissions are treated as external forcings. 192
We added a landfill reservoir to this model. Landfills can emit Hg into the atmosphere 193 through vent pipes, diffusion from cover soil, and from the "working face" where waste is 194 exposed and actively dumped.
31 They can also release Hg into groundwater and soils through the 195 base of the landfill but this appears to be negligible. 58 Commercial Hg enters the biogeochemical cycle via the atmosphere, water, soil, and 201 landfills. Hg releases to soil are distributed among the three terrestrial reservoirs of the model in 202 the same manner as atmospherically deposited Hg in Amos et al. 4 Hg releases to water are 203 distributed as 90% to inland freshwater systems and 10% to estuaries based on the distribution of 204 present-day point sources.
57, 61 We assume that 75% of the Hg input to inland freshwater systems 205 is sequestered permanently in sediments and 25% evades to the atmosphere, based on models for 206 a variety of lakes and rivers. 62 Based on previous work, we assume that 50% of the Hg directly 207 released to estuaries is transported to the surface ocean, 10% evades to the atmosphere, and 40% 208 is sequestered permanently in coastal sediments. 63, 64 In this manner, we estimate that 70% of Hg 209 released to water is permanently sequestered, 23% enters the atmosphere, and 7% enters the 210 surface ocean. 211 the methods described in Amos et al. 4 We simulate 1850 -2010 with anthropogenic atmospheric 213 emissions from Streets et al. 12 plus the releases from commercial Hg quantified in this study. We 214 evaluate the model with three global observational constraints, following Amos et al. 4 : (1) the 215 present-day atmospheric inventory (best estimate of 5000 Mg, range 4600 -5600 Mg), (2) the 216 present-day mean upper (0 to 1500 m) ocean concentration (best estimate of 1.0 pM, range 0.5-217 1.5 pM), and (3) the relative anthropogenic enrichment factor (AEF) in atmospheric deposition 218 between pre-industrial and present-day (best estimate of 3, range 2 to 5). We define our model 219 AEF as the ratio of average 1985-2000 deposition to average 1760-1880 deposition.
65, 66 These 220 two time intervals are empirically determined from the compilation of lake sediments described 221 in Biester et al. 67 to provide a more consistent comparison between models and observations. 1970s, which were subsequently dumped on land or landfilled on-site. 72 The 1970 peak in soil 262 releases is driven by Hg used in chlor-alkali plants and Hg-containing pesticides and fertilizer 263 that were applied directly to land. 264 would yield a present-day atmospheric reservoir of 10,000 Mg, much higher than observed. 275
Implications for the Biogeochemical Hg Cycle and Atmospheric Trends 265
Our simulated present-day atmospheric reservoir of 5800 Mg is still slightly higher than 276 the observational range (4600-5600 Mg). This is due to the increase over the past decade ( Figure6 ) driven by rising anthropogenic atmospheric emissions in the Streets et al. 12 inventory 278 (primarily from coal burning in Asia) and rising releases from ASGM 22 (Figures 3 and 4) . (Table S1 ), distribution factors used in this study (Table S2) , and model rate 307 coefficients (Table S3 ). This material is available free of charge via the Internet at 308 http://pubs.acs.org. 
